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TransloconDeveloping a greater understanding of the function of the translocon–and the source of its selectivity for
transmembrane helix insertion–are important steps toward deciphering the role of disease-causing
mutations in membrane regions. To address these phenomena, we have prepared a library of helix–loop–
helix (“hairpin”) constructs derived from helices 3 and 4 of the ﬁrst membrane domain of CFTR, in which
position 232 was mutated individually to each of the 20 commonly-occurring amino acids. Using retention
times on a reverse phase-HPLC C18 column to mimic the process of hairpin partitioning, we have
quantitatively determined a hydropathy scale in the context of a bona ﬁde membrane protein fragment that
correlates to an in vivo hydropathy scale with r=−0.78—a value that rises to r=−0.92 when Asp and Glu
are excluded due to protonation effects. Our results provide evidence that the translocon may act as a
facilitator in the insertion selection process, effectively allowing the bilayer to “decide” through favorable
non-polar solvation whether or not to allow a translocating helix to enter the membrane.cystic ﬁbrosis transmembrane
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The hydrophobic effect has long been recognized as an integral
force in protein folding. During globular protein folding, the
hydrophobic effect is classically invoked as promoting the avoidance
of water by partitioning segments with relatively high hydropathy
from the surface into a hydrophobic protein core. For the folding of
membrane proteins, the corresponding partitioning event may be
recognized as the transfer of a protein segment from a membrane-
located aqueous compartment of the translocon protein into the lipid
core of the bilayer membrane. Recent work by Hessa et al. has made
substantial contributions to our understanding of this insertion
process, particularly through the development of a biologically
relevant amino acid-speciﬁc free energy scale for transmembrane
(TM) helix insertion [1,2]. By using in vivo translation into rough
microsomes, translocon-mediated helix insertion of a prospective TM
segment could be monitored [1,2] as a function of amino acid
sequence–notably as inﬂuenced by positioning of polar residues
within the inserted segment–and thereby allow an assessment of the
probability of helix insertion according to stage one in Popot and
Engelman's two-stage membrane protein folding model [3].These results ultimately focus on the role of intrinsic amino acid
hydropathy–fundamentally an aqueous-based phenomenon–in the
prediction of helix insertion into membranes, and more speciﬁcally,
on the manner in which the translocon uses this property when
selecting helices for insertion. Accordingly, signiﬁcant efforts have
been made to determine quantitative measures for the intrinsic
hydropathy of each of the 20 commonly occurring amino acids [4].
These parameters are essential to bridging the information gap
between primary sequence and native structure, as evidenced by the
fact that over 130 hydropathy scales have been described [5]. Many of
these scales are used in the prediction of membrane inserted helices
by relying, in part, on the concept of threshold hydrophobicity, i.e., the
level at which the intrinsic hydropathy of a protein segment will drive
it from the water into the membrane [6–9].
The present work aims to enhance our understanding of these
partitioning events by modeling the transfer of hydrophobic protein
constructs from an aqueous/organic solvent into the non-polar
environment of acyl chains covalently linked to a resin. To address
these issues, we have used reverse phase HPLC to determine the
retention times of a library of helix–loop–helix constructs derived
from the transmembrane domain of the cystic ﬁbrosis transmem-
brane conductance regulator (CFTR) [10]. These hairpin constructs
represent the minimum tertiary folding segments of a multi-spanning
transmembrane segment, and as such, serve as a model of a
membrane protein fragment that complements the use of small
peptides in similar experiments. The RP-HPLC system has proven to
be a useful mimetic of the lipid bilayer; a key feature, as opposed to
bulk solvent systems, is likely the ordered chain structure of the RP
resin that roughly parallels the conformational constraints of lipids, as
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of peptides has been shown to be stabilized upon binding to a
hydrophobic stationary phase in the RP column [13,14], supporting
the use of the reverse-phase analysis as an effective mimetic for
partitioning of hydrophobic protein segments into the bilayer. By this
methodology, we have quantitatively determined the hydropathy
level of each of the 20 amino acids in the context of a bona ﬁde
membrane protein fragment. Here we report the resulting novel
hydropathy scale and compare it with that derived in vivo by Hessa et
al. [1].
2. Materials and methods
2.1. Protein expression, puriﬁcation and characterization
Expression and puriﬁcation of TM3/4 hairpins was as previously
described [10]. The hairpin sequence used is: GSGMKETAAAK-
FERQHMDSPDLGTDDDDKAMGLALAHFVWIAPLQVALLMGLI-
WELLQA-SAFAGLGFLIXLALFQAGLGLEHHHHHH, with the CFTR
fragment in bold and mutated residue X underlined. The QuikChange
site-directed mutagenesis kit (Stratagene) was used to generate
mutations at position 232 to code for each of the 20 amino acids.
Electrospray ionization-mass spectrometry was used to conﬁrm the
expected molecular weights of all puriﬁed hairpins. Circular dichro-
ism spectra were recorded on samples of 5–10 μMprotein in 0.3% SDS,
50 mM sodium phosphate, at pH=7. Spectrawere obtained on a Jasco
720 CD spectrometer at room temperature using a 0.1 mm cuvette
[15].
2.2. Reverse phase HPLC analysis
Analytical retention times for hairpin constructs were determined
using a Vydac 218TP C18 column (Grace Davison Discovery Sciences).
Mobile phase was composed of Buffer A: 95% acetonitrile/5% water,
Buffer B: 95% water/5% acetonitrile, Buffer C: 95% isopropanol/5%
water, all containing 0.1% TFA. The linear gradient was run at 3 mL/
min over 40 min. with compositions of Buffers A:B:C, starting at
10:50:40, and ending at 40:0:60. The analyte was injected as a 1 mL
solution of 20 μg hairpin in 12.5% acetonitrile, 0.1% TFA in water.Fig. 1. Helical hairpin constructs (A) Amino acid sequence of the CFTR-derived portion of the ha
and themutatedposition232, in gold. Amino acid numbering is based on corresponding position
predicted loop region. Thewild type form is shownwith V232 in gold, as generated in PyMol [2
differences are not statistically signiﬁcant as determined using the Student's t-test. Error bars3. Results
3.1. Hydropathy quantitation method for a hairpin library
Weprepareda libraryof helix–loop–helix constructs, termed “helical
hairpins”–theminimal unit of tertiary contact in themembranedomains
of proteins–each comprised of 87 residues corresponding to the TM3-
loop-TM4 of the ﬁrst membrane domain of CFTR (Fig. 1A, B), in which
position 232 in TM helix 4 has been mutated individually to each of the
20 commonly-occurring amino acids [16]. Circular dichroism spectra for
each of the 20 TM3/4 constructs recorded in SDS micelles (Fig. 1C)
conﬁrmed their ability to insert into amembrane-mimetic environment
and form predominantly helical structure, as evidenced by minima at
208 and 222 nm. For RP-HPLC experiments, a C18 stationary phase was
selected tomaximize resolving power, as adequate separation could not
be achieved on columns based on either CN, C1, or C4 chemistries. This
situation necessitated the use of an isopropanol/acetonitrile/water
mixture to elute the hairpins. While it may have been preferable to
perform the analysis at pH ~7 to mimic physiological effects, no buffer
systemcouldbedevised thatwas compatiblewith themobile phase, soa
pH of ~2 in the presence of TFA was ultimately employed. Circular
dichroism spectra of selected TM3/4 hairpins obtained in the RP-HPLC
mobile phase (27% acetonitrile, 50% isopropanol, 23% water and 0.1%
TFA, the mid-range composition for hairpin elution) conﬁrmed that the
hairpins also display helical structure under these conditions (ellipticity
at 208 nm for TM3/4 –Val232 (WT)=ca.−30,000o; TM3/4-Pro232=ca.
−25,000o; spectra not shown).
3.2. Sequence-dependent HPLC retention times of hairpin constructs
The RP-HPLC retention times of hairpin mutants were evaluated in
the context of amino acid side chains and their established physical
properties. As highlighted in Fig. 2A, we found that this HPLC method
had the resolving power to distinguish mutations of position 232 (a
CF-phenotypic site when wild type Val is mutated to Asp) to each of
the 20 amino acids in the background of the 87-residue hairpin
construct. Hydrophobic mutants such as Ile and Leu had the longest
retention times due to more favorable binding to the hydrophobic
stationary phase, while charged residues such as Lys and Arg
displayed some of the shortest retention times (Fig. 2B). The abilityirpin construct, comprising transmembrane helices three and four (TM3 and TM4), in blue,
swithin the CFTRprotein. (B) The TM3/4hairpin depicted as two idealizedhelices and the
2]. (C) CD Spectra recorded in SDSmicelles are shown in order of increasing helicity; these
are shown for the Trp mutant at 208 and 222 nm (mean±SEM, n=3).
Fig. 2. Analysis of hairpin hydropathy. (A) Sample RP-HPLC traces (run separately) are shown for CFTR TM3/4 hairpin mutants at position 232: Lys, green; Asp, red; Val, blue.
(B) Retention times for hairpin mutants are shown in descending order with the position 232 mutants noted (mean±SEM, n=3). Correlation analysis of the values obtained in the
hairpin hydropathy scale ((given in (B)) with those of the Hessa et al. biological hydrophobicity scale [1] (C) and the Wimley–White Octanol scale [18] (D). Correlations are shown
for all 20 mutants characterized (in black); and after the removal of D and E due to protonation effects (in red) (see Section 3.2).
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87-residue construct is striking when considering that hydropathy
scales previously generated by RP-HPLC have generally used only
peptides the length of a single spanning helix or shorter [4]. Hairpins
containing Asp and Glu at position 232 display higher-than-expected
hydropathy on this scale, a result thatmay be explicable by the low pH
conditions of these experiments (~pH 2) that may mask the negative
charges of these residues by side chain protonation. A consideration of
RP-HPLC retention times and mean residue ellipticity measured at
222 nm showed that there is no signiﬁcant correlation between the
two parameters, suggesting that variation in hairpin helicity is not
predictive of hydropathy in this case. The established helix breaking
structural effect of the proline mutant [17] likely plays a role in
reducing the ellipticity observed for this mutant, and its low apparent
hydropathy.
The results from our RP retention time determinations were
compared to the quantitative scale for helix membrane-insertion that
was derived by Hessa et al. [1] by determining the translocon-mediated
insertion efﬁciency into roughmicrosomes, to assess the compatibility of
these two systems (Fig. 2C). The correlation coefﬁcient of r=−0.78
suggests that the present HPLC hydropathy determination is a good
mimic for the actual amino acid speciﬁc contribution in vivo to insertion
ability.WhenAsp andGlu are excludeddue toprotonation effects arising
from the low-pH analysis, the correlation rises to a value of r=−0.92.
For comparison, the bulk solvent based Wimley–White Octanol scale
was compared with our HPLC based hydropathy values (Fig. 2D) [18].
The resulting correlation between these two scales gives r=−0.49 or
r=−0.65 upon elimination Asp and Glu.
4. Discussion
In the realm of membrane proteins, delineation of the folding
process is complicated by the necessary ﬁrst step of bilayer insertion,
yet simpliﬁed by the restricted degrees of freedom imposed by the
membrane environment that favor helical conformation and conﬁne
orientation. As evidenced by the strong correlation between the in
vivo-derived scale [1] with the present RP-HPLC-based scale (Fig. 2C),our work suggests that the translocon functions fundamentally as a
hydropathy partitioning ﬁlter. A schematic representation of the
inherent parallels between translocon-mediated bilayer insertion, and
insertion into the hydrophobicmicroenvironment of the reverse phase
C18 HPLC column, is presented in Fig. 3. In Fig. 3A, the translocon
helices are modeled to rotate, mimicking the opening of the lateral
gate to allow the bilayer access to the incoming helix. In Fig. 3B, the
ﬁxed orientation of the HPLC column resin is envisioned as creating a
contact surface where, similarly to in vivo insertion, partitioning of the
helix will impose an alignment on the lipids [11]—in the process
altering the thermodynamic equilibrium to make the process
enthalpically driven. These concepts, which implicitly require an
exposed helical face during the partitioning event, are not captured in
bulk solvent methods where entropy is known to be the driving
thermodynamic force. Although results from our RP-HPLC based
analysis correlate with the bulk solvent derived Wimley–White
Octanol scale [18](r=−0.65) which is similarly high, in comparison
with the Hessa et al. translocon scale [1], there are a number of factors
that likely contribute to the divergence in agreement with each of
these scales. The use of a large 87 residue helical model that is less
subject to the structural effects of a single amino substitution,
compared with a pentapeptide, and the partial anisotropic properties
of the hydrophobic chain of the RP-HPLC resin seem to affect the
effective hydropathy determined.
The in vivo scale does indicate a lower propensity for insertion of
polar residues than predicted by the present HPLC-derived scale,
indicating that the translocon may have a selectivity mechanism
against these residues and hence a layer of complexity in the biological
scale not captured by the intrinsic hydrophobicity determined by the
RP-HPLC method. The latter notion is consistent with the analysis of
the high-resolution structure of the SecY translocon reported by van
den Berg et al. [19], where a related selectivityﬁlter can be identiﬁed at
the lateral gate that requires the breakage of hydrogen bonds among
conserved Gln, Thr and Glu residues prior to opening to allow lateral
helix insertion. Similarly, non-native side chain-side chain inter-helical
hydrogen bond formation has been suggested as a cause of dysfunction
in several mutant multi-spanning membrane proteins such as CFTR
Fig. 3. Schematic model of translocon- vs. HPLC-mediated helix insertion. (A) A
representation of the helix insertion process in vivo is shown in side view. The
translocon, in red, is represented from the x-ray crystal structure of T. thermophilus
SecYE structure [23] (PDB ID: 2ZJS). In theﬁrst stage, an ideal helix (blue) is shown in the
translocon pore. In the right panel, lipids (rendered in dark yellow) are depicted as
interacting with the protein helix as it partitions from the water-exposed translocon
pore into the hydrophobic membrane environment. (B) A representation of the
corresponding process of partitioning in an RP-HPLC experiment. The helix enters the
HPLC column in the more polar mobile phase (light blue). The hydrophobic helix then
fully forms as it preferentially partitions into the C18 acyl chain regions (orange) of the
column's solid support (red), paralleling a bilayer insertion process.
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in its potential role in membrane-based polar mutations leading to
disease.
The ability of RP-HPLC partitioning to closelymimic that determined
via theHessa et al. translocon-based scale provides in vitro evidence that
the translocon may act as a facilitator in the insertion selection process,
effectively acting to contain–and deliver–the nascent protein segment
to the membrane, ultimately allowing the bilayer to “decide” through
favorable acyl chain solvation whether or not to allow a translocating
helix to enter as the lateral gate opens. This notion complements the
previous in vivo role for the translocon described by Hessa et al. [1], and
is supported by the recent work of Junne et al. [21] where mutations to
the hydrophobic constriction ring of Sec61p inﬂuence translocation
efﬁciency, with the hydrophobicity threshold for membrane insertion
being altered as a function of the hydropathy of amino acids lining the
core of the translocon. Such a mechanism would readily accommodate
the diversity of sequences that pass through the translocon. Lipid-
mediated partitioning between the translocon and the bilayer would
then constitute the prelude to stage two of the membrane protein
folding process, i.e., formation of helix–helix tertiary contactswithin the
membrane.Acknowledgments
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